In this study, chromate and cetylperidinium chloride (CPC) removal from artificial wastewater was monitored by using micellar enhanced ultrafiltration (MEUF) and activated carbon fibre (ACF) adsorption hybrid processes. For the efficient chromate removal, molar concentration of the CPC should be five times that of chromate and it should be at least one critical micelle concentration (CMC). The MEUF was found to be effective in the chromate removal while ACF in the CPC adsorption to produce chromate and CPC free effluents. The chromate and CPC removal was 99.8% from MEUF-ACF process. Effluent chromate concentration was exponentially correlated with molar ratio of CPC to chromate and pH.
Introduction 1
Environmental pollution control laws are becoming more stringent and toxic compounds removal from wastewater is becoming more crucial before discharging it to environment. Chromium compounds are widely used in textile, leather tanning, wood preserving and electroplating industries. 1, 2) Wastewater from those industries contains huge amount of chromium. It has several adverse effects on environment and even in wastewater treatment plants. 3, 4) Micellar enhanced ultrafiltration (MEUF) is a promising technology which combines the high flux of ultrafiltration (UF) with the high efficiency of reverse osmosis. 5) In this process, surfactants aggregate and form micelles when they are present in the solution at the concentration above critical micelle concentration (CMC). This process can remove hydrophobic organics by the solubilization in micelle 6) and inorganic nutrients, multivalent ions by electrostatic adsorption on micelle. 7, 8) Metal ions together with micelle are retained on membrane surface when it is passed through ultrafilter having pore size smaller than the size of micelle. 9, 10) In the MEUF process, cationic or anionic surfactants are used for the separation of metal ions. †
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Cetylpyridinium chloride (CPC) and cetyltrimethyl ammonium bromide (CTAB) were used to remove chromate, nitrate and ferriccyanide. 3, 5, 11) Over 93% of As (V) removal was reported using CPC. 12, 13) Over 95% of Cu
2+
, Zn
, Cr 3+ and 96% of cadmium, zinc, copper, and calcium were removed with sodium dodecyl sulphate (SDS). [14] [15] [16] Similarly, 95% cadmium removal was observed using one cmc of SDS. 17) Akita et al. (1997) 18) had reported almost complete removal of Zn, Cu and Fe using SDS. Nickel removal of 100% was reported using SDS. 14) Attractive removal was achieved by MEUF process for the mixture of metal ion and organics without affecting each others removal. In adsorption process, powdered activated carbon (PAC), granular activated carbon (GAC) and activated carbon fibre (ACF) have been used for the removal of organics from wastewater. Compared to PAC and GAC, ACF has a uniform micropore structure, faster adsorption kinetics and lower pressure drop. 19) Several researchers have studied on heavy metal removal using MEUF 3, 11) but no study have been conducted using high molecular weight cut-off (MWCO) membrane and the removal of CPC that contained in the permeate. Performance of MEUF-ACF hybrid processes on chromate and CPC removals from wastewater at various conditions were studied. Experimental results were then verified with mathematical equation using regression analysis. 
Materials and Methods
Sodium chromate with 99% assay and CPC with 98% assay were received from Sigma-Aldrich Co. Ltd. They were used without further purification. Hollow fibre ultrafilter (UF) membrane was made of polyacrylonitrile material and its inside and outside diameter were 0.8 mm and 1.4 mm, respectively. Membrane module was cross-flow type and has an effective surface area of 0.055 m 2 . The membrane has molecular weight cut-off (MWCO) of 100 KD and flow direction was from inside to outside. Weight of the ACF, having BET surface area of 1000 m 2 /g, was 30 g/cartridge. Distilled water was used for the preparation of feed solution and cmc for the CPC was taken as 0.9 mM. 5) MEUF-ACF experimental unit is shown in Fig. 1 . Preliminary experiments on the MEUF were conducted for one hour and based on their results the MEUF-ACF experiments were run for 5 hr. During this process, flushing and backwashing were done with distilled water at each 30 and 10 min interval, respectively for 5 sec. All experiments were carried out at ambient laboratory temperature (22°C-25°C). After each experiment the membrane was subsequently flushed and backwashed with distilled water and cleansed with 0.05 M NaOH and 0.25% HCl. Cartridge filter and ACFs were also cleaned subsequently by soaking them in distilled water and 2% HCl. Collected samples were analyzed for the CPC and the chromate using UV/VIS spectrophotometer at the wave length of 258 nm and 372 nm, respectively. 5) In all the experiments retentate pressure of 0.14 MPa was applied. Statistical Package for Social Scientists (SPSS) and Matlab softwares were used to develop mathematical equation and simulation curve.
Results and Discussion

Optimum Molar Ratio and Effect of pH on the Chromate Removal
To find the effect of molar ratio of the chromate to the CPC, a series of experiment was conducted at various molar ratio of the chromate to the CPC for the operation period of one hour. Fig. 2 shows that the chromate removal increased with the increase of molar concentration of CPC. Average chromate removal was found to be 92.6%, 98.6%, 99.1% and 99.5%, respectively for molar ratio of 1:3, 1:5, 1:7 and 1:10. Optimum molar ratio was 1:5. At a higher CPC concentration, higher removal efficiency for the chromate and the CPC was resulted while filtering the solution through the UF membrane. To find the effect of pH, another series of experiment was carried out at various pH. Chromate removal efficiency ranged from 87% to 69% at the pH of 5.5 to 9.0 (Fig. 3) . At a higher pH, there was competition between OH-group and chromate ions to get the micelle surface resulting in the decrease of removal efficiency. Chromate removal efficiency increased with the decrease of pH. 
Effect of Initial Chromate Concentration
To investigate the effect of initial chromate concentration on its removal, the other series of experiment was carried out for five hours at various initial chromate concentrations. Fig. 4(a) shows that average chromate removal ranged from 96% to 98%. Corresponding permeate concentration was 0.24 mg/L, 0.33 mg/L, 0.71 mg/L and 1.27 mg/L, respectively for the initial chromate concentration of 10 mg/L, 15 mg/L, 20 mg/L and 29 mg/L, respectively. It implies that the chromate removal decreases with the increase of its initial concentration at one cmc CPC while CPC removal increased. It is mainly due to more competition among chromate ions to get the binding surface with micelle. Similar results on chromate removal were presented by other researchers.
3)
The CPC removal from the 100 KD MWCO membrane was 49%, 55%, 72% and 73%, respectively for the respective initial chromate concentration of 10 mg/L, 15 mg/L, 20 mg/L and 29 mg/L (Fig. 4(b) ). The CPC removal increased at the higher initial chromate concentration due to the formation of more micelle with the presence of counter ions. The CPC removal in the absence of the chromate was only 40% at one cmc of the CPC and the removal increased to 80% in the presence of chromate in similar condition (Fig. 4(b) ).
The chromate and the CPC removals from different units of MEUF-ACF process are as shown in Fig. 5 . From the entire process over 99.5% of the chromate and 99.8% of the CPC removal was observed. Corresponding chromate concentration remained at 0.01 mg/L to 0.31 mg/L and the CPC concentration was less than 2 mg/L, respectively. The ACF was found to be effective adsorbent for the CPC adsorption even at the higher concentration.
Effect of CPC Concentration
Another series of experiment was carried out at the different initial CPC concentration varying from 0.5 cmc to 1.0 cmc of CPC for the initial chromate concentration of 15 mg/L. Fig. 6(a) shows that the chromate removal increases with the increase of the initial CPC concentration. Average chromate removal was 98%, 95%, and 80%, respectively at 1.0 cmc, 0.75 cmc, and 0.5 cmc of the CPC. The result showed the highest removal at 1.0 cmc of the CPC. CPC concentration on the membrane surface can exceed cmc although retentate contains no micelle resulting the rejection of CPC at less than one cmc. Similar results on copper, zinc and manganese removals were also reported. 15, 20) Even with the larger MWCO membrane of 100 KD, the rejection were not low compared to previous studies with 10KD, 8KD membranes at the molar ratio of 1:5. Average CPC removal was in the order of 49%, 53% and 56%, respectively for 0.5 cmc, 0.75 cmc and 1 cmc of CPC (Fig. 6(b) ). The CPC at the permeate increased with time because of passing of some of monomer CPC. Table 1 shows that the chromate and the CPC removal efficiency reached to 99.9% from the overall process.
Efficiency of the 100 KD UF membrane was studied for the chromate concentration of 58 mg/L (0.5M) for the operation period of 5 hr. Average chromate removal was 80% at one cmc while 99.8% removal efficiency was achieved at 2.25 cmc of the CPC (Fig. 6(c) ). It further verifies that the molar ratio of 1:5 and the cmc of CPC in the solution can remove chromate efficiently.
The 300 KD UF membrane showed the chromate removal efficiency of 97% for the initial chromate concentration of 15 mg/L at the similar condition (Fig. 7) . While combining the process with ACF adsorption, both the chromate and the CPC removal reached to 99.9%. It can be inferred that as long as the cmc of CPC is maintained higher chromate removal efficiency can be achieved and the remaining chromate and the CPC can be well adsorbed on to the ACF. 
Mathematical Equations for One Hour MEUF Experiment
Experimental data were analyzed using SPSS programme for correlating the effluent chromate concentration with molar ratio of CPC to chromate and pH of the solution. Exponential relation of the chromate concentration with the molar ratio of CPC to the chromate and pH of feed solution is represented in Eq. (1). Ce = exp (-1.762 -0.158A + 0.173B)
Where, C e = Effluent chromate concentration, mg/L A = molar ratio of CPC to chromate B = pH of the feed solution
The equation (1) is graphically represented in Fig. 8(a) . Simulation of experimental and predicted results showed the correlation of 0.89 (Fig. 8(b) ). Maximum and average deviations were found to be 0.07 mg/L and 0.02 mg/L, respectively. The relation of effluent chromate concentration with three dependent variables is represented by Eq. (2) . It has the correlation coefficient of 0.89, which implies an exponential function is suitable for the prediction of the effluent chromate concentration. Similarly, predicting equation for the CPC removal with respect to the molar ratio and the pH is represented by Eq. (3), it has a correlation coefficient of 0.85. The equation is represented graphically in Fig. 9(a) . Fig. 9(b) shows the comparative results of the experimental and the predicted data.
C re = exp (4.373 + 0.03A -0.035B) Where, C re = CPC removal (%)
Conclusions
The chromate removal was over 97% from the MEUF process with the high MWCO membrane of 100KD when the CPC concentration was over one cmc and the molar ratio of the chromate to the CPC was 1:5. CPC removal from the MEUF was ranged from 50% to 70%. It shows that the MEUF process efficiently removes chromate but it produces the CPC rich effluent. By the addition of ACF unit, both the chromate and the CPC removals increased up to 99.8%. The MEUF was found to be effective in the chromate removal while the ACF in the CPC adsorption to produce chromate and CPC free effluent. Effluent chromate concentration was exponentially correlated with molar ratio of CPC to chromate and pH.
